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CHARACTERISTICS OF MAGNETOSPHERIC DUCTS 

OBSERVED BY THE ALOUETTE-2 TOPSIDE SOUNDER 


By J. Ramasastry and E. J. Walsh 


Electronics Research Center 

Cambridge, Massachusetts 


SUMMARY 


The Alouette-2 topside sounder data have been used exten­

sively to study the field-aligned propagation of HF radio waves. 

This technical note presents results about the physical charac­

teristics of magnetospheric ducts with reference to their scale-

sizes and peak fractional deviations of electron density. More 

than 400,000 Alouette-2 ionograms have been analyzed to study

the conjugate ducting phenomenon. A select sample of data is 

used to decipher the duct characteristics. The calculated 

average values for the scale sizes and peak fractional deviations 

of electron'density are in agreement with the previously pub­

lished results for the Explorer-20 and Alouette-1 topside sounder 

data. 


INTRODUCTION 


The phenomenon of field-aligned propagation of HF radio 

waves or "Conjugate Ducting" has been extensively studied by

several authors (Loftus et al., 1966; Muldrew, 1963, 1967, 1969; 

Ramasastry et al., 1968a, 1968b, 1969) using the Alouette-1 and 

2 and Explorer-20 topside sounder satellite observations. The 

investigations reported hitherto may be grouped into three 

categories; (1) studies of patterns of conjugate echoes observed 

in the topside sounder ionograms and analyses of the frequency 

versus time-delay characteristics of such traces, (2) studies of 

the percentage occurrence of conjugate echo events as a function 

of local time, latitude, L-value, magnetic Kp index, etc., and 

(3) studies of the physical characteristics of magnetospheric

ducts with reference to their scale-sizes and peak fractional 

electron density enhancements (or depletions). More than 400,000

Alouette-2 ionograms have been examined to study the conjugate

ducting phenomenon. The results of our investigations on the 

physical characteristics of magnetospheric ducts are presented in 

this report. 




Conjugate Echoes i n  A l o u e t t e - 2  Topside Sounder Ionograms 

An example of  a f r e q u e n t l y  observed "double-hook" p a t t e r n  
of conjugate  echoes (Ramasastry e t  a l . ,  1968a) i s  shown i n  
F igu re  1. A l s o  shown i n  t h e  f i g u r e ,  are  t h e  v a r i o u s  traces 
ar ranged  accord ing  t o  t h e i r  a c t u a l  t ime-delays.  For t h e  m o s t  
p a r t ,  only e x t r a o r d i n a r y  r a y s  e x h i b i t  con juga te  echoes i n  t h e  
Alouet te-2 d a t a .  Ordinary wave con juga te  echoes are very r a r e l y  
observed. D e t a i l e d  d e s c r i p t i o n s  of  t h e  v a r i o u s  conjugate  - echo 
p a t t e r n s  observed by t h e  Alouette-2 sounder are  provided by 
Muldrew (1963, 1 9 6 9 )  and Ramasastry e t  a l . ,  (1968a, b )  . 

Observat ion of conjugate  echoes i n  t h e  h igh  L-value range 
i s  very r a r e .  T o  d a t e ,  on ly  4 0  ionograms con ta in ing  conjugate  
echoes where t h e  a s s o c i a t e d  L-values are  g r e a t e r  t han  3 have 
been observed. I t  should be mentioned t h a t  near-end ducted t r a c e s  
are  observed even a t  p o l a r  l a t i t u d e s  (Shmoys, 1968) .  However, 
conjugate  echoes which c o n s i s t  of a p a i r  of echoes,  a near-end 
r e t u r n ,  and a far-end r e t u r n  (from t h e  magne t i ca l ly  conjugate  
p o i n t  i n  t h e  o p p o s i t e  hemisphere) a r e  never observed a t  very 
l a r g e  L-values. The reason  f o r  n o t  observ ing  high L-value con­
j u g a t e  echoes i s  two-fold: (1) t h e  long propagat ion  pa ths  
r e s u l t  i n  t h e  a r r i v a l  of far-end r e t u r n s  a f t e r  t h e  r e c e i v e r  of 
t h e  swept-frequency sounding system has s h i f t e d  t o  a much h igher  
frequency than  t h a t  of t h e  far-end echo r e t u r n ,  and ( 2 )  a t  high 
L-value, t h e  f i e l d - l i n e s  extend so f a r  i n t o  t h e  magnetosphere 
when they c r o s s  t h e  e q u a t o r i a l  p lane  t h a t  t h e  ambient e l e c t r o n  
d e n s i t i e s  a r e  t o o  low t o  suppor t  t h e  e l e c t r o n  d e n s i t y  g r a d i e n t s  
r equ i r ed  t o  keep t h e  HF r a d i o  waves t rapped  along t h e  f i e l d -
a l igned  d u c t s .  The rare  occas ions  when conjugate  echoes appear 
on t h e  ionograms a t  high L-values can be a t t r i b u t e d  t o  unusual 
magnetospheric cond i t ions .  

A t y p i c a l  example of an ionogram e x h i b i t i n g  conjugate  echoes 
and recorded a t  high L-value i s  shown i n  F igu re  2 .  The s a t e l l i t e  
w a s  a t  an a l t i t u d e  of 2830 km, 50°N magnetic l a t i t u d e ,  and 
L = 3.7. The four-ducted echoes i n  t h e  ionogram (bottom t o  t o p )  
are  t h e  near-end ( N ) ,  far-end ( F ) ,  r ound- t r ip  ( N + F )  and a h igher  
o r d e r  t r a c e  (2N+F). The de lay  t i m e s  of t h e  F ,  N + F  and 2N+F echoes 
are  i n  t h e  0.3 t o  0 . 4  sec range.  The nex t  h igher  o rde r  echo group 
( N + 2 F ,  2N+2F, 3N+2F) would a r r i v e  wi th  t ime-delays on t h e  o rde r  
of 0 . 7 - 0 . 9  sec and i t  would be very d i f f i c u l t  f o r  t h e  badly detuned 
r e c e i v e r  t o  respond t o  them. 
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Figure  1.- The "double hook" p a t t e r n  recorded a t  Q u i t o ,  Ecuador, 
on August 18 ,  1 9 6 6  a t  08:00:05GMT. (Local T i m e  = 
02:07:46, Geomag. L a t .  = 12.56'N, Geomag. Long. = 
18.22OW, L = 1.53) 
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Figure  2.- 	 Example of an ionogram w i t h  conjugate  echoes recorded 
a t  a h i (3h L-value (Recording S t a t i o n :  Resolute  Bay. 
L va lue  = 3.70) 
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DUCTING EVENTS AS A FUNCTION OF K I N D E X
P 

Previous workers [Lof tus  e t  a l . ,  1 9 6 6 ;  Muldrew, 1 9 6 7 ;  
Ramasastry e t  a l . ,  1 9 6 9 1  have found no obvious c o r r e l a t i o n  be­
tween t h e  HF d u c t i n g  e v e n t s  and t h e  magnetic K index. The d u c t  
occur rence  ve r sus  K a n a l y s i s  wi th  a l l  t h e  avay lab le  Alouet te-2 
d a t a  f o r  t h e  y e a r s  y965, 1 9 6 6 ,  1 9 6 7 ,  and 1968 has  r e c e n t l y  been 
completed. S ince  t h e  g e n e r a l  magnetic a c t i v i t y  i s  on t h e  i n ­
crease s i n c e  1965, it w a s  hoped t h a t  s o m e  change i n  t h e  d u c t  
occur rence  c h a r a c t e r i s t i c s  would be no t i ced .  H o w e v e r ,  no 
c o r r e l a t i o n  between duc t ing  e v e n t s  and Kp index and no change i n  
t h e  d i s t r i b u t i o n  a s  t h e  sunspot  maximum approached have been 
observed. I t  may be mentioned t h a t  a duc t ing  even t  i n  t h e  
a n a l y s i s  r e p r e s e n t s  a sounding sequence i n  an  o r b i t  when a t  
l ea s t  one ionogram con ta in ing  conjugate  echoes i s  observed. The 
a n a l y s i s  w a s  a l s o  c a r r i e d  o u t  assuming t h a t  each ionogram 
con ta in ing  conjugate  echoes r e p r e s e n t s  a d u c t i n g  even t .  The 
conclus ions  d i d  n o t  change. 

Shown i n  F igu re  3 a r e  t h e  percentage  occurrences  of duc t ing  
even t s  a s  a f u n c t i o n  of Kp index f o r  t h e  y e a r s  1965, 1 9 6 6 ,  and 
1 9 6 7 .  The observed d i s t r i b u t i o n s  fo l low t h e  d i s t r i b u t i o n  of 
t o p s i d e  roundings as a f u n c t i o n  of K index f o r  t h e  r e s p e c t i v e  
yea r s .  A s i m i l a r  r e l a t i o n s h i p  f o r  tge 1 9 6 6  d a t a  (Ramasastry e t  
a l . ,  1 9 6 9 )  f o r  Singapore on ly  was found ear l ie r .  Once a g a i n ,  
it may be concluded t h a t  h igher  l e v e l  of magnetic a c t i v i t y  does 
no t  i n c r e a s e  t h e  occurrence  r a t e  of duc t ing  even t s .  Observat ion 
of a l a r g e  percentage  of  duc t ing  even t s  a t  low K va lues  s e e m s  t o  
i n d i c a t e  t h a t  t h e  magnetospheric d u c t s  a r e  formes by source  
mechanisms t h a t  a r e  no t  a f f e c t e d  by t h e  inc reased  magnetic a c t i v i t y .  

The percentage  occurrence  of duc t ing  e v e n t s  as a f u n c t i o n  of 
Kp index f o r  t h e  year  1 9 6 6  f o r  t h e  fou r  s t a t i o n s  (Singapore,  
O r r o r a l  Val ley ,  San t i ago ,  Q u i t o )  which recorded a l a r g e  percent ­
age of duc t ing  e v e n t s  i s  shown i n  F igu re  4 .  Singapore and O r r o r a l  
Val ley recorded m o r e  t han  50 pe rcen t  of a l l  t h e  duc t ing  e v e n t s  
observed dur ing  1 9 6 6 .  Sant iago  and Q u i t o  come nex t  i n  t h e  in ­
t e n s i t y  of duc t ing  a c t i v i t y .  The d u c t  occur rence  ve r sus  KP d i s ­
t r i b u t i o n ,  however, i s  e s s e n t i a l l y  t h e  s a m e  f o r  each of  t h e  f o u r  
s t a t i o n s .  

Phys ica l  C h a r a c t e r i s t i c s  of  Conjugate Ducts 

The phys ica l  c h a r a c t e r i s t i c s  of f i e l d - a l i g n e d  e l e c t r o n  
d e n s i t y  i r r e g u l a r i t i e s  or "ducts"  a s s o c i a t e d  wi th  t h e  con juga te  
echoes observed by t h e  Alouet te-1 t o p s i d e  sounder have been 
d i scussed  by Muldrew (1963) .  For a con juga te  echo even t  observed 
by Alouet te -1  s a t e l l i t e ,  Muldrew found t h e  h a l f - t h i c k n e s s  of t h e  

5 
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duc t ing  r eg ion  t o  be 0 . 6  k m  w i th  an  e l e c t r o n  d e n s i t y  enhancement 
of  about  one pe rcen t .  I n  t h e i r  a n a l y s i s  of Explorer-20 f ixed -
frequency t o p s i d e  sounder d a t a ,  L o f t u s ,  e t  a l . ,  ( 1 9 6 6 )  ob ta ined  
a loga r i thmic  normal d i s t r i b u t i o n  f o r  t h e  h o r i z o n t a l  d u c t  t h i c k ­
ness .  The d i s t r i b u t i o n  i s  cen te red  a t  4 . 2  k i lome te r s  w i th  a 
s t anda rd  d e v i a t i o n  (expressed as a f a c t o r )  of 2 . 1 .  I n d i v i d u a l  
va lues  ranged from 1 t o  4 0  k i lome te r s .  The corresponding t r a n s ­
verse d u c t  t h i c k n e s s e s  are smaller than  t h e  h o r i z o n t a l  d u c t  
t h i c k n e s s e s  f o r  t h e  range  of d ip-angles  cons idered  i n  t h e  d a t a .  
Lof tus ,  e t  a l . ,  a l so  c a l c u l a t e d  t h e  cen te r - to -cen te r  s e p a r a t i o n  
of  conjugate  d u c t s  a long t h e  s a t e l l i t e  p a t h  and obta ined  a 
loga r i thmic  normal d i s t r i b u t i o n  which has  a mode a t  4 2  k i lome te r s  
wi th  a s t anda rd  d e v i a t i o n  (expressed as a f a c t o r )  of 4 . 3 .  In­
d i v i d u a l  v a l u e s  ranged from 3 t o  2640  k i lome te r s .  They a l s o  
found t h a t  f o r  most conjugate  d u c t s ,  t h e  v a r i a t i o n s  i n  e l e c t r o n  
d e n s i t y  from t h e  background was probably less than  one pe rcen t .  
I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  ob ta ined  by ana lyz ing  t h e  con juga te  
echoes observed by t h e  Alouette-2 t o p s i d e  sounder are p resen ted .  

F igure  5 shows two c h a r a c t e r i s t i c  t y p e s  of conjugate  echo 
p a t t e r n s  observed i n  t h e  Alouet te-2 d a t a .  A t  t h e  bottom of each 
ionogram i s  shown t h e  corresponding s a t e l l i t e  t r a j e c t o r y  wi th  
r e s p e c t  t o  t h e  magnetic f i e l d - l i n e  d i s t r i b u t i o n  a t  t h e  s a t e l l i t e  
a l t i t u d e .  The guid ing  i o n i z a t i o n  d u c t  i s  a l i g n e d  along t h e  
d i r e c t i o n  of t h e  magnetic f i e l d .  The s a t e l l i t e  p o s i t i o n s  where 
t h e  near-end ( N ) ,  far-end ( F ) ,  and t h e  round- t r ip  ( N + F )  t r a c e s  
began and ended are  i n d i c a t e d  on t h e  t r a j e c t o r y .  The echo 
p a t t e r n s  demonstrate  t h e  mariner i n  which t h e  appearance of t h e  
va r ious  con juga te  echo traces i s  a f f e c t e d  by t h e  p o s i t i o n  of t h e  
s a t e l l i t e  wi th  r e s p e c t  t o  t h e  f i e l d - a l i g n e d  d u c t .  

W e  have assumed t h a t  t h e  r a d i o  s i g n a l s  a r e  guided i n  a 
whispering g a l l e r y  mode along an enhancement duc t .  I n  t h e  iono­
gram on t h e  l e f t  i n  F igu re  5 ,  t h e  near-end echo begins  a t  a much 
lower frequency than  t h e  o t h e r  echoes which a l l  s t a r t  a b r u p t l y  
a t  a h igher  f requency.  This  behavior  can be expla ined  by postu­
l a t i n g  t h a t  t h e  d u c t s  a r e  more tenuous a t  h ighe r  a l t i t u d e s .  The 
s a t e l l i t e  w a s  a t  a l a t i t u d e  of 1 4 . 0 "  North (geomagnetic) and 
moving southward. Assuming t h a t  t h e  d u c t s  a r e  f i e l d - a l i g n e d ,  
t h e  s a t e l l i t e  w a s  c r o s s i n g  t h e  d u c t s  f r o m  t h e  poleward s i d e .  
When t h e  s a t e l l i t e  i s  a t  a s l i g h t l y  h ighe r  l a t i t u d e  than  t h e  d u c t  
p o s i t i o n  a t  t h e  s a t e l l i t e  a l t i t u d e ,  it i s  p o s s i b l e  t o  t r a p  near-
end echoes i n  a combination mode propagat ion  (Muldrew, 1963; 
Dyson, 1 9 6 6 ) .  S i g n a l s  launched a t  t h e  s a t e l l i t e  p o s i t i o n  could 
p e n e t r a t e  through t h e  d u c t  and y e t  g e t  r e f r a c t e d  slowly i n t o  t h e  
duc t  towards t h e  near-end and then  be guided by t h e  more e f f e c t i v e  
p o r t i o n s  of t h e  d u c t  a t  lower a l t i t u d e s .  S i g n a l s  cannot be 
t rapped towards t h e  far-end of t h e  f i e l d - l i n e ,  s i n c e  both  t h e  
e l e c t r o n  d e n s i t y  g r a d i e n t  i n  t h e  d u c t  and t h e  r a d i u s  of c u r v a t u r e  
of t h e  f i e l d  l i n e  become sma l l e r  a s  one moves along t h e  f i e l d - l i n e  
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F i g u r e  5.- 	 Two c h a r a c t e r i s t i c  t y p e s  o f  ionograms w i t h  con juga te  
echoes.  I n  t h e  l e f t  ionogram t h e  nea r  end trace 
beg ins  much e a r l i e r  t h a n  o t h e r  t races .  I n  t h e  r i g h t  
ionogram a l l  t h e  traces begin  s imul t aneous ly .  
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towards t h e  e q u a t o r i a l  p lane .  Th i s  i s  t h e  reason  why t h e  near-
end trace i s  observed j u s t  a f t e r  fxs ( e x t r a o r d i n a r y  wave-frequency 
a t  t h e  s a t e l l i t e  a l t i t u d e )  and a l l  t h e  o t h e r  traces begin a t  a 
h igher  f requency.  A t  t h e  t i m e  (and frequency)  a l l  t h e  o t h e r  
traces appear  i n  t h e  ionogram, t h e  s a t e l l i t e  presumably has 
c ros sed  over  t o  t h e  e q u a t o r i a l  s i d e  of t h e  enhancement duc t .  
Thus, when t h e  s a t e l l i t e  i s  a t  or j u s t  equatorward of  t h e  en­
hancement d u c t ,  d i r e c t - d u c t i n g  i n  t h e  f o r m  of whispering g a l l e r y  
mode of  t h e  near-end, far-end and a l l  t h e  o t h e r  h igher  o r d e r  
modes t a k e s  p l ace .  The " p o s i t i v e "  s l o p e  would occur  on t h e  
equatorward s i d e  of t h e  enhancement d u c t .  

On t h e  o t h e r  hand, when t h e  s a t e l l i t e  i s  t r a v e l l i n g  pole-
ward wi th  r e s p e c t  t o  t h e  f i e l d - a l i g n e d  d u c t ,  bo th  t h e  s i g n a l s  
t r a v e l l i n g  along t h e  f i e l d - a l i g n e d  d u c t  toward t h e  e q u a t o r i a l  
p lane  ( f a r - end)  and towards t h e  e a r t h  (near-end) can be t rapped.  
Therefore ,  a l l  t h e  conjugate  echoes are  observed t o  begin simul­
taneous ly  as  soon as  fXs i s  exceeded i n  t h e  sweep-frame. An 
example where a l l  t h e  conjugate  echoes begin  a t  t h e  same f r e ­
quency i s  shown i n  t h e  ionogram on t h e  r i g h t  i n  F igure  5.  The 
s a t e l l i t e  w a s  a t  a geomagnetic l a t i t u d e  of 11' North and 
t r a v e l l i n g  northwards.  

I n  g e n e r a l ,  a l l  t h e  conjugate  echoes would be expected t o  
begin s imul taneous ly  a s  soon as fxs i s  exceeded i n  t h e  sweepframe 
when t h e  s a t e l l i t e  i s  t r a v e l l i n g  polewards w i t h  respect .  t o  t h e  
f i e l d - a l i g n e d  d u c t .  I f  it i s  t r a v e l l i n g  equatorwards,  t h e  
near-end trace begins  immediately a f t e r  fxs  and a l l  t h e  o t h e r  
traces begin  a t  a h ighe r  frequency when t h e  s a t e l l i t e  i s  on t h e  
p o s i t i v e  g r a d i e n t  s i d e  of t h e  enhancemellt d u c t .  An except ion  
would occur  i f  t h e  s a t e l l i t e  happens t o  be c n  t h e  p o s i t i v e  
g r a d i e n t  s i d e  a t  t h e  t i m e  t h e  sweep frequency reaches  f x s .  Then, 
a l l  t h e  traces would begin s imul taneous ly .  

The shape of t h e  delay-time ve r sus  f requency charac te r i s t ic  
w i l l  n o t  undergo any n o t i c e a b l e  change over  a smal l  range of  
I,-values. T h i s  means t h a t  t h e  near-end echo can be cont inuous 
whi le  t h e  s a t e l l i t e  passes  between t w o  c lose ly-spaced  d u c t s .  
However, t h e  far-end and higher-order  traces cannot  be cont inuous 
i n  such t r a n s i t i o n s  when t h e  s a t e l l i t e  i s  c r o s s i n g  t h e  d u c t s .  
I f  t h e  d u c t s  a r e  very  c l o s e l y  spaced compared t o  t h e  d i s t a n c e  
t r a v e l e d  by t h e  s a t e l l i t e  dur ing  t h e  sweep-period of  t h e  ionogram 
("32  s e c o n d s ) ,  one can observe t h e  d i s c o n t i n u i t i e s  i n  t h e  far-end 
and h igher  o r d e r  traces. These d i s c o n t i n u i t i e s  correspond t o  t h e  
t r a n s i t i o n  from one duc t ing  r eg ion  t o  ano the r .  Meanwhile, t h e  
near-end trace remains cont inuous s i n c e  i t  i s  guided i n  a d j a c e n t  
duc t s  by combination modes. I n  t h e  Alouet te-2 d a t a ,  approximately 
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f i v e  (5)  p e r c e n t  of  t h e  conjugate  echo ionograms e x h i b i t  m u l t i p l e  
duc t ing  r eg ions .  An example of  a m u l t i p l e  d u c t  ionogram i s  shown 
i n  F igu re  6 .  

F igure  7 g i v e s  d i s t r i b u t i o n s  of t h e  d u c t  s e p a r a t i o n  d i s t a n c e  
(S)  and t r a c k  width of t h e  f i r s t  duc t ing  r e g i o n  ( D )  f o r  t h e  
ionograms which e x h i b i t  m u l t i p l e  duc t ing  r eg ions .  These d i s ­
t a n c e s  are measured normal t o  t h e  f i e l d - l i n e s .  D i s  t h e  d i s t a n c e  
t r a v e r s e d  by t h e  s a t e l l i t e  normal t o  t h e  f i e l d - l i n e  between t h e  
t i m e s  t h e  far-end and h igher  o r d e r  traces f i r s t  appear  and d i s ­
appear .  I n  F igu re  8 i s  shown t h e  d i s t r i b u t i o n  of t rackwidth  ( D )  
f o r  2070 ionograms con ta in ing  conjugate  echoes.  The d i s t r i b u t i o n  
i s  s i m i l a r  t o  t h e  D d i s t r i b u t i o n  i n  F igu re  7 .  Th i s  means t h a t  
t h e  d u c t s  observed i n  t h e  ionograms showing m u l t i p l e  duc t ing  
r eg ions  have t h e  same g e n e r a l  dimensions as  a l l  t h e  o t h e r  d u c t s .  
The on ly  d i f f e r e n c e  i s  t h a t  they  are spaced m o r e  c l o s e l y  t o g e t h e r .  

I n  t h i s  c o n t e x t ,  t h e  frequency occurrence  of  sequences of 
ionograms con ta in ing  con juga te  echoes observed a t  t h e  e q u a t o r i a l  
s t a t i o n s  (Ramasastry e t  a l . ,  1 9 6 9 )  may be d i scussed .  E s p e c i a l l y  
t r u e  of Singapore d a t a  i s  t h a t  i n  many of t h o s e  s a t e l l i t e  passes  
when conjugate  echoes are observed,  a lmost  every  ionogram i n  t h e  
sounding sequence e x h i b i t s  conjugate  echoes.  I n  t h e  ionograms, 
t h e  conjugate  echo traces a r e  u s u a l l y  n o t  observed above 2 . 0  MHz 
due t o  t h e  much f a s t e r  ra te  a t  which t h e  r e c e i v e r  i s  detuned a t  
f r equenc ie s  > 2 . 0  MHz.  The sweep-rate i s  approximately 0.15 
MHz/sec from 0 . 2  t o  2 . 0  M H z ,  and 1 . 0  MHz/sec i n  t h e  2 . 0 - 1 4 . 0  MHz 
range.  The sweep-period i s  32 seconds. But f o r  25 seconds (from 
2 . 0  MHz sweeptime of  one ionogram t o  t h e  fxs :0 . 9  MHz sweeptime 
of t h e  succeeding ionogram),  t h e r e  i s  no way of determining 
whether d u c t s  e x i s t  because of t h e  des ign  of  t h e  experiment.  
During t h e  25 seconds,  t h e  s a t e l l i t e  covers  a h o r i z o n t a l  d i s t a n c e  
of approximately 150 km. 

I n  summary, t h e  average d u c t  s e p a r a t i o n  i s  of t h e  o r d e r  
of 50 k i lome te r s  i n  t h e  e q u a t o r i a l  r eg ions .  The d u c t  s e p a r a t i o n  
could be less than  2 0  k i l o m e t e r s ,  as  has been seen from t h e  
a n a l y s i s  of ionograms wi th  m u l t i p l e  duc t ing  r eg ions .  However, 
such ionograms comprise on ly  5 pe rcen t  of t h e  t o t a l .  

F igure  9 shows t h e  d i s t r i b u t i o n s  of t h e  t r a c k  width of  
conjugate  d u c t s  f o r  t h r e e  d i f f e r e n t  c a s e s .  A l s o  inc luded  i n  t h e  
f i g u r e  i s  t h e  d i s t r i b u t i o n  of " h o r i z o n t a l  d u c t  t h i ckness"  
obta ined  from Explorer-20 t o p s i d e  sounder d a t a  by Lof tus ,  e t  a l . ,  
( 1 9 6 6 ) .  The manner i n  which it w a s  ob ta ined  i n d i c a t e s  t h e  
" h o r i z o n t a l  d u c t  t h i c k n e s s "  should m o r e  c o r r e c t l y  be c a l l e d  
" h o r i z o n t a l  t r a c k  width".  The t h r e e  d i s t r i b u t i o n s  f o r  t h e  t r a c k  
width ( D )  shown i n  t h e  f i g u r e  are f o r :  (1) a l l  t h e  Alouet te-2 
conjugate  echo ionograms i r r e s p e c t i v e  of t h e  v a l u e  of fxs on 
t h e  ionograms, and ( 2 )  t h o s e  ionograms i n  which f,, I 0.95 MHz 
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Figure  6 . - 	 An example of  an ionogram w i t h  conjugate  echoes 
showing m u l t i p l e  duc t ing  r eg ions .  
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and ( 3 )  t h o s e  ionograms i n  which fxs > 0.95 MHz. Low va lues  of 
fxs i n d i c a t e  l o w  e l e c t r o n  d e n s i t y  r e g i o n s  and high va lues  of fxs 
i n d i c a t e  h igh  e lectron d e n s i t y  r e g i o n s .  F igu re  1 0  shows t h e  
number of duc ted  soundings ve r sus  fxs (MHz). The median value 
i s  approximately 0.95 MHz. This  is t h e  r eason  0.95 MHz i s  chosen 
as t h e  frequency s e p a r a t i n g  t h e  t w o  groups presented  i n  F igu re  9 .  
H o w e v e r ,  t h e r e  i s  no conspicuous d i f f e r e n c e  i n  t h e  t r a c k  width 
d i s t r i b u t i o n  f o r  t h e  t w o  fxs groups.  D i s t r i b u t i o n s  f o r  a l t i t u d e s  
above and below t h e  median va lue  a lso show no marked d i f f e r e n c e s .  
A s  f o r  , t h e  d i s t r i b u t i o n  r e p r e s e n t i n g  a l l  t h e  d a t a ,  a median va lue  
of 4 .66  k i lome te r s  i s  observed which i s  c l o s e  t o  t h e  4 . 2  k i lometer  
va lue  g iven  by L o f t u s ,  e t  a l . ,  ( 1 9 6 6 )  f o r  t h e  Explorer-20 d a t a .  

I n  F igu re  11 are p l o t t e d  t h e  average t rack  widths  (D) of 
conjugate  d u c t s  f o r  v a r i o u s  L-value ranges .  The numerals w i t h i n  
t h e  pa ren theses  i n d i c a t e  t h e  t o t a l  number of d a t a  p o i n t s  i n  each 
L-value range.  Values of D w i t h i n  each L-value range vary by 
an o r d e r  of  magnitude b u t  t h e r e  i s  a tendency i n  evidence for 
t h e  average va lue  of  t h e  t r a c k  width t o  i n c r e a s e  wi th  L-value. 

L e t  ho be t h e  pe rpend icu la r  d i s t a n c e  a t  t h e  s u r f a c e  of  
t h e  e a r t h  between t w o  a d j a c e n t  L - s h e l l s ,  L and L + AL. Then, 
t h e  pe rpend icu la r  d i s t a n c e  between them a t  any o t h e r  l a t i t u d e ,  
8 ,  i s  given by 

where X i s  t h e  l a t i t u d e  of t h e  L f i e l d - l i n e .  

A s s u m e  t h a t  t h e  d u c t  width i s  p r o p o r t i o n a l  t o  t h e  s e p a r a t i o n  
d i s t a n c e  between t h e  t w o  a d j a c e n t  L s h e l l s  (L and L + A L ) .  I f  
it i s  p o s t u l a t e d  t h a t  a l l  t h e  d u c t s  have t h e  same t r a n s v e r s e  
dimensions a t  t h e  s u r f a c e  of t h e  e a r t h ,  t h e  r a t i o  of t h e  d u c t  
s i z e s  a t  any g iven  l a t i t u d e  8 f o r  two d u c t s  a s s o c i a t e d  wi th  t h e  
L s h e l l s  L1 and L 2  i s  g iven  by 

1/2 
hl- (3) 

h2 
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The s o l i d  l i n e  shown i n  F igu re  11 i s  a p l o t  of Eq. ( 3 )  wi th  
an a r b i t r a r y  m u l t i p l i c a t i v e  c o n s t a n t  used t o  make t h e  curve  f a l l  
i n  t h e  d a t a  range.  A s  mentioned b e f o r e ,  t h e  average va lues  of 
t rack-width ( D )  are  i n d i c a t e d  i n  t h e  f i g u r e  f o r  var ious L-value 
ranges.  I t  i s  i n t e r e s t i n g  t o  note t h a t  i n  t h e  L-value range  
1 . 1 - 2 . 0 ,  t h e  d a t a  p o i n t s  l i e  c l o s e  t o  t h e  s o l i d - l i n e  which re­
p r e s e n t s  Eq. ( 3 ) .  A t  h igh  L-values,  t h e  d a t a  are no t  represen­
t a t i v e  because of  t h e  s m a l l  number of d a t a  p o i n t s .  

F i n a l l y ,  F igu re  1 2  shows a d i s t r i b u t i o n  of  t h e  peak f r a c ­
t i o n a l  enhancement of e l e c t r o n  d e n s i t y  i n  t h e  d u c t .  The median 
va lue  i s  approximately one p e r c e n t  which i s  i n  g e n e r a l  agreement 
wi th  p rev ious ly  publ i shed  r e s u l t s  (Lof tus ,  1966 ;  Muldrew, 1963) .  
The peak f r a c t i o n a l  enhancement i s  c a l c u l a t e d  by assuming t h a t  
a t  t h e  e x i t  f requency of t h e  conjugate  echoes,  t h e  ray-curva ture  
i s  equal  t o  t h e  f i e l d - l i n e  cu rva tu re  (Muldrew, 1963) .  From 
t h i s ,  one can c a l c u l a t e  t h e  maximum e l e c t r o n  d e n s i t y  g r a d i e n t  
i n  t h e  enhancement d u c t .  From t h e  measured va lue  of t h e  d u c t  
width [duc t  width i s  e s t ima ted  using t h e  va lue  of  t h e  t r a c k  width 
and fol lowing t h e  procedure o u t l i n e d  by Muldrew (1963)l  c o r r e s ­
ponding t o  t h e  ionogram, it i s  then  p o s s i b l e  t o  c a l c u l a t e  A N ,  
t h e  peak enhancement of  e l e c t r o n  d e n s i t y  i n  t h e  d u c t .  S ince  t h e  
va lues  of fxs and f h  (gyrofrequency a t  t h e  s a t e l l i t e  a l t i t u d e )  
corresponding t o  t h e  ionogram are known, t h e  background e l e c t r o n  
d e n s i t y ,  N ,  a t  t h e  s a t e l l i t e  a l t i t u d e  i s  c a l c u l a t e d .  Hence, one 
can compute AN/N which r e p r e s e n t s  t h e  peak f r a c t i o n a l  enhancement 
of e l e c t r o n  d e n s i t y .  

DISCUSSION 

There i s  g e n e r a l  agreement among i n v e s t i g a t o r s  about  t h e  
average s i z e s  and f r a c t i o n a l  d e v i a t i o n s  of e l e c t r o n  d e n s i t y  of 
t h e  HF magnetospheric d u c t s .  But a more d e t a i l e d  d e s c r i p t i o n  
of t h e i r  morphology, l i f e - t i m e s ,  and a b s o l u t e  phys i ca l  charac­
te r i s t ics  i s  s t i l l  l a c k i n g .  A l l  t h e  r e s u l t s  publ i shed  h i t h e r t o  
on t h e  duc t ing  phenomenon a r e  s t r o n g l y  a f f e c t e d  by l i m i t a t i o n s  
i n  t h e  sounding techniques .  The east-west e x t e n t  of t h e  d u c t s  
and t h e  r e l a t i o n s h i p  between t h e  w h i s t l e r  d u c t s ,  H F  d u c t s ,  and 
t h e  th in- type  i r r e g u l a r i t i e s  which a r e  r e s p o n s i b l e  f o r  aspec t -
s e n s i t i v e  s c a t t e r i n g  are s t i l l  open q u e s t i o n s .  Some of t h e  
w h i s t l e r  i n v e s t i g a t o r s  ( f o r  example, Somayajulu and T a n t r i ,  
1968) have r e p o r t e d  an  i n c r e a s e  i n  d i f f u s e n e s s  and t r a c k  width 
of w h i s t l e r  d u c t s  w i th  magnetic a c t i v i t y  i n  a d d i t i o n  t o  t h e  
formation of  new d u c t s .  However, t h e  A l o u e t t e - 1  and 2 and 
Explorer-20 t o p s i d e  sounder d a t a  have n o t  r evea led  any i n c r e a s e  
i n  duc t ing  a c t i v i t y  i n  t h e  presence  of magnetic storms o r  a t  
high K va lues .  Recent ly ,  Muldrew and Hagg ( 1 9 6 9 )  desc r ibed  
t h a t  tge h i g h - l a t i t u d e  f i e l d - a l i g n e d  d u c t s  a r e  t u b u l a r  i n  shape 
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with a characteristic duct-width of about 0.3 to 0.4 kilometers. 

They also postulated depletion ducts at high latitudes to account 

fo r  the observed propagation characteristics while not ruling out 
the existence of enhancement ducts. Using an electron density
probe that has a resolution of 50 meters, Brace (1965) found 
electron density deviations with a characteristic thickness of 
roughly 0.3 km at high latitudes. Muldrew (1963, 1969) postu­

lated field-aligned sheets of ionization in equatorial and mid-

latitudes to account for the characteristics of conjugate echoes 

in the Alouette-1 data. Much is known about the irregularities
causing spread-F, (both bottom-side and topside) (Herman, 1966, 
1969), but the relation between the spread-F causing irregular­
ities at various latitudes and the conjugate ducts is not clear 
at present. A precise knowledge of the physical characteristics 
and morphology would be of great value in understanding the 
formation mechanism of field-aligned ducts. However, such exact 
information cannot be obtained with the present sounding tech­
niques adopted in the topside sounder satellites. 
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